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THE PHYSICS OF REVERSED-FIELD PINCH PROFILE SUSTAINMENT

R. W. t40see

Los Alamoe National Laboratory

Los Alamos, New Mexico 87545 USA

ABSTRACT

A description of the Revereed-Field Pinch (RFP) 1s given, emphasizing the

neceaaity of a ❑agnetohydrodynamlc (MID) or kinetic proceoe to sustain field

reversal. Three auriitainment ❑echanisms are reviewed: the MHD dynamo, the

tangled discharge model, and nonlocal reeiacivity. A elab ❑odel of .gteady

(ohmic) otates IS dcecribed. A relntionnhip between ohmic etate wave uurnbers

and the minimum amplitude of noneymmetric field component~ la given. If

ohmic atatee are the mole source of the auatainment process, their wave

len~ths are probably ❑uch longer than the minor diameter of the plasma.

Otherwise field aaymmetrice would exceed those obeerved in experiments. lt

is noted that Internal field data are still limited, restricting the

generality of our commento.

.

●Work p@r[ormed under the auopic@a of the UGI)C)E.



1. Introduction

The Reverned-Field Pinch (i@P) /1,2/ is a tomidally Vmetric device,

unfquely characteri~ed by the reversal of the toroldal magnetic field on the

plaoma surface ao compared to the magnetic field on the minor ●xia. The

enhanced planma stability ●nd quiescent RFP operation during field revereal

have drawn the attention of plafms phyoics researchers for many yaare /3/.

Aloo noted cm ●arly RFPs wan the phenomenon of “self-reversal” /4/. The

poloidal plasma currents neceaeary for field revereal are developed without

the poloidal electric fields required by one-dimensional diffu~ion models.

This phenomenon ie often referred to ae the “dynamo effect.’” A

conceptualization of RFP current, field, and power flow lb ehowm in Fig. 1.

A physical explanation of RFP beha~ior waa presented by Taylor /5/. He

euggeeted that magnetic field energy jn a plasma , Id - (1/2~] ~B2dV, will

decay more rapidly than magnetic helicity, K = ~~9~dV. This leade to the

force-free plasma model that tiatittfiee

where IL is a constant. When the RFP 18 treated as u etraight cyllnder,

Eq. (1) is acllved by Bz(r) - BOJO(pr) and Be = BoJ1(pr). The lle~oel function

model (BFM) IS compared with cxperirnent beat by matching the reopectiv~ F - 0

curves where F = Bz(a)/~, G = Be(a)i~, ~ - volume averaged Bz, and a M plasma

radiue. A comparieion of exper,[ment and theory ia nhown in Fig. 2 where the

BFM IS compared to the renultn of a 180 Id shot on Z’T-40M /6/. In this

typical example, O values for ZT-40M are &bout 20% higher thl’.n those of the

BFM for the same ~aluea of U. Thin good gr~anent between experiment and

theory hae been obeerved in many RFPa and la taken aa ntrc~g support foc the

Taylor theory.

Many people have int~oduced new concepte to ‘“fine tune” the Taylor ❑odel

or ●dd to our detai’.ed undertitanding of the RFP. For example the modified

Bessel function model (MBFf4) /7,0/ replmcaa the constant p in Lq. (1) with a

variable p(r), oee Fig. 3. Thio in motivated by the idea that low plasma

temperatures near the wall would increaae resictivity, q, ●nd reduce currentn

there. Thus , ~l(r) in constant in the plaome interior but small in the edge

region. There fu some direct field measurement evidence for thin in

oH’rE /9/. The extra freedom of the MBFM allow- uu to match the ●xperimental

F- 0 curve precisely, /10/ see Fig. 4. It hau been observed that the



departure of the F - e curve from the Taylor wdel ham significant

ratification for RFP physics. The 20% difference in 9 between the BFM of

Fig. 2 ●nd the KBFH of Fig.4 indicatea that -70Z of the input power is

diaeipated ohmically by “~an” currente while *30Z of the input power goes to

fluctuation /10/. In the s- analyaia it was also concluded that the

parallel reoiativity, n[, ●grees with the Spitzer formula /11/ within the

limits of ●xperimental error.

While the forementioned theoriee explain come aspects of RFP formation

●nd transport, other theories delve into the intricate nnture of RFP plasma

and field profilee. Statistical theories /12,13/ baaed on the Gibbs

hypotheeia give added phyeical meaning to the BF14 end explain the observation

that many RFPa tend to operate best at 0 = 1.56. It ie even po~aible to

estimate magnetic field fluctuation autocorrelation lengths with a

atatietical model !13/.

Despite the many aucceeaiee of RFP theory, two aepecta remain Incomplete

and highly controversial: the ““dynamo effect” and thermal/particle transport.

In the rest of this paper we explore three possible mechanisms of RFP profile

eustainrnent (dynamo) and comment orI their relation to tranaport.

2. Profile Sustainment Models

Am mentioned earlier, the phenomenon of self-reversal during RFP startup

was seen aa evidence of an RFP dynamo. In early RFPEI the toroidal current,

Iz = 2n~a Jz[r)rdr, and flux, @(r) = 2n~r Bz(r)rdr, were allowed to decay
o 0

elowly after the startup pha~e of the experiment. Once O begina to de.ay,

toroidal flux can drive u poloidal current by diffueion

@e(r) - - &~J- Ee(r) , (2)

where rI Im the plaeme reaiotivlty.

With the development of driven RFPa, 12 can be held conetant am long ae

the transformer can produce a toroidal loop voltage, VE. In the caee of

ZT-40M, Iz and 0 rMy be ●ffectively conetant for over 10 ❑ e while

Vz * 40 v /14/. When Iz and O ● re held constant, the ri8ht-hand ●ide of

Eq. 2 i- ●ffectively zero. Detailed otudie8 of ZT-40Pl ●nd diffueio~l

theory /14,15/ have indicated that no one-dimensional manipulation of plasma



profilee can ●lleviate this paradox. As in the case of ●elf-reversal, one

must find ●dditional terms to drive Je in Eq. (2), In place of Ee.

2.1. The KHD Dynamo

The meet extensive studies of RFP profile

14HD dynamo described by Floffatt /16/. Ohm-s law

velocity y may be written ●s follows:

g+g’p-~.

sustainment are based on the

in the pre-ence of plasma

(3)

In the notation of Ref. 10 we separate variablea into time or spatial

averagee, < >, and fluctuating parts, 6. Typical examples are ~ = <~> + @

and ~ - <~> + 5E. Furthermore a mean of a linear fluctuation ta alwaya zero,

for example <6~> = O; but the mean of a product of fluctuation la u~ually

nonzero, <6y x 6~> + O. This leads to the obvious additional term to resolve

the paradox of Eq. (2)

(4)

The KHD dynamo is an excellent candidate for driving field reversal in the

RFP if <bg x 6~> can be large enough to eustain fiJ~ in the absence of

hO(r)/tm.

Several authors have demonstrated theoretic~lly that tl~~ MHD dynauo can

form and/or suutain an RFP field profile. The firBt to obeerve thi~

numerically were Sykes and Wesson /17/ using a 3D KHD code on c 14X14X13

neBh. They obtained field reversal in the presence of very large field

fluctuation. Schnack /18/ And Aydemir and Barnes /19/ ●lso have observed

dynamo action with 3D KHD codes. Of particular interest in their work iB the

l.elical ohmic state. In this caee the magnetic field is constant in time.

The dyuano la driven by steady plaa- velocities and npatial fluctuations of

~.

Cmramana, Nebel, :IndSchnac;; /20/ have uaad a 3D code to model the

sawtooth craeh eeen in high 9 operation of ZT-40!I /21/. Uerley and

Nebel /22/ have shown that no dynamo action la needed during the ●awtooth

rime. T%e code rveultm /19/ ●l-o indicate chat the dynamo haa a very



different character ●t 10U 0. Xn that instance sawtoothing IS not observed

●nd good flm surfaces -y exit ●t the revereal layer near the plasma edge.

More recently Strauss /23/ has fomulated a set of reduced equations to

describe the RFP. He has observed the dynamo ●ffect in ● plasma with field

fluctuations 1~1/<B> < 10Z.

Ordinarily one might conclude that these observation would “clone the

book;”on RFP oustair=nt, indicating that it 10 ●trictly cauoed by the HHD

dynamo. However, there are concerne that the FQID model does not account for

all ●detainment processes. First, the field fluctuations seem to be too

high. Unleaa a model 10 run with very littl~ reversal, or close to a

paranagnetic state, /19/ the field fluctuation are typically

16~1/<B> ‘7-10%. RFP experiments usually operate with 1~1/~> at the

plasma edge ~5Z /10,’. Second, the F - e curves of the codes are often too

far to the right of the experiment. Third, the models are often far more

etochaetic than the machines /24/. If magnetic field line etochaeticity

reache~ from the plasma interior to the wall in a model with long wavelength

❑odes, each field line may travel only -10-40 m before it bite the wall.

Meanwhile, to account for estimated particle loea rates due to parallel

transport in ZT-40M, one neetim field licee that are reveral hundred meters

long. /25/ We will attempt to quantify these concerns and relate the MHD

dynamo to other euatainment modele in Sec. III and Sec. IV, reaipective-ly.

2.2 The Tangled Discharge Model

The Tangled Discharge Model (TDM) developed by Rusbridge /26/ is based on

the a8eumption that magnetic field linee, or flux tubes, wander

atochaatically throughout the plaama. It la aleo a?aumed that plasma current

la ronetrained to flow along the same channe?.e aa the magnetic field ao that

Eq. (1) is satiofied everywhere in the machirte. Coneequeutly, thu mean field

<~> satiafies the BFM, but the fluctuation generate atochaeticity and

prevent t Ie development of any good flux

The stochastic wandering of current

channe 1 to pick up the induced toroidal

minor axis of the RFP. ‘Then the current

●urfacee.

makes it poeaible for a current

loop voltage Vz an it moves near the

channel can wnnder to the rcvereal

region where induced toroidal voltage is redirected to drive a pololdal

current, ●c if it were a eolid, ineulnted conductor.

The TDM can be represented mathematically when a distinction made

between plaema resiotivity parallel to the magnetic field, 1)11B and



reoistlvity perpendicular to the field, ql. Ohm-s law it wdifiad to read ●s

follows:

(5)

If ml is taken to be much larger than m~, it ia poaaible to choose

fluctuating components of ~ and ~ and euetain poloidal current ●n follows

-t <6(JoB)s6(~/B2)> .-- (6)

In this model one could eliminate both toroidal flux decay and plasma flow

and etill maintain field reversal.

We hesitate to use the TOM ae & primary model of RFP sustainment bec uee

it reliee so heavily on the unproven condition ql/ql >> 1. We do find that

combining the concept of atocha~tic maanetic fieldai with a Boltzman treatment

of electron momentum leads to a more general model of RFP sustainment, as

discussed in the next section.

2.3. Nonlocal Resi~tivity

The model of nonlocal plamma reaiBtivity propo~ed by Jacobson and

Moses /27/ Incorporates the concept of ma&netic field line ato~haeticity

diacueeed by many other authore, /28,29/ including Ruabridge /26/. To avoid

the complexity of having trapped particlem, this model was presented in slab

geometry with p = O, so that B _ ]~1 10 approximately uniform in space. The

magnetic axi~ of the cylindrical model becomes the x = O plane of the slab

model. The plasma boundary im now at x = ta. As in the came of the

cylinder,
. .

the driving electric field 18 <~> w Eoz where z im the unit vector

in the z direction. It is aeeumed that <~> oatisfiee a force-free model.



V x ~> - p(r)~> . (7)

If u were a conetant, the solution would be

<B=(x)> = BO Coe @ ,

<By(x)> - BO sin px . (8)

In this model p i61 allowed to be a fvnction of x to obtain oelf-consistent

currente and fields.

It is postulated that stochasticity is introduced by field fluctuation

6B(r,t) that randomly move field linen acroee the plasma. Following--

Rosenbluth et al., /281 a field line diffusivity, DF, is introduced such that

a particle following a field line a distance 1 will undergo a mean square

excursion in the x direction.

<(AX)2> = 21DF . (9)

The plasma is treated In the context of a Lorentz model where only

electron-ion scattering iB considered. For aiimplicity, it ia assumed that

electron guiding centers move along field lines, and the electron magnetic

moment does not change between collisions. Unlike the Spitzer ❑odel /11/,

the total momentum imparted to all electrons in a voluze element by the

electric field does not equal the momentum lost by electrons to collisions in

the same volume element. For example, electrons near the x = O plane gain

momentum faater than it la scattered away,

(lo)nn<Jz(o)> < <EZ(0)> .

This happens because the mean-free path of hn electron, A, may be large

enough to move the electron over significant portion6 of the plasma between

colliaiona.



(11)

An electron may be accelerated In a region of high parallel field, Eu, ●nd

● ove out of that region before it hag a chance to scatter. Correspondingly,

●lectrons may ●nter a region such as the reversal layer, x - Xr, where they

lose more momentum to scattering than is gained from electric fielde,

(12)npy(xr)) > ay(xr)> - 0 .

If the lnequalitiee in Eqs. (10) and (12) are correct, there Is a third

possibility for an RFP profile sustainment mechanism.

A detailed description of the nonlocal resietivity ia given in Ref. 27

and is beyond the scope of this paper. The key conclusion of Ref. 27 are

given in Figs. (5) and (6). A Boltzman equation for electrons in a

stochastic RFP was developed. A eelf-consistent example with field reversal

was computed, ueing ZT-40M temperature, deneity, and confinement time data.

The resulte shown in Fig. (5) indicate that field revereal can be maintained

with a nonlocal reslstivlty. The level of stochasticity is described by

~DV/a2 = 0.05 where ~ Ie the mean-free path for 90% scattering of electrone

with the speed V. - (2kT/me)l’2.

These data were obtained for ZT-40M parameters: electron temperature

Te = 200 eV, density n = l~19m-3p impurity level Zeff = 1, current

Iz = 100 kA, nonradiative energy containment ‘ime %e ’200 “ ‘an-free

path ~ = 40 m, and field line diffusivity DF ~ 5X10-5 m-l. Since A scales

as A = ~(vlvo)4, the hi8h speed electrons are far ❑ore effective than

thermal electrons in carrying current to the reversal layer. This allows ~

to be much smaller than indicated by Eq. (11).

Figure 6 illustrates how the reversal depends on ~DFt’a2. Although the

information available to estimate ~DF/a2 is subject to m&ny

approximations, !“.7/ the ❑odel is quite insensitive to the precise value of

~DF/a2.

It should also be noted that field line stochasticity la sufficient to

drive thic RFP ❑odel but iB not necessary. It is necessary that electrons

wander atochaiitically through the plaema whether or not field lines do.

There may even be instancee In which perpendicular transport of ●lectrons

d<ivea an RFP in the presence of good flux surfacee.



.
Interaction of Sustainment lhdela

In recent years, considerable sffort haa been ●pent to demonstrate:

1) that some type of “dynamo” effect io required In an RFP ●nd 2) that a ‘

reasonable dynamo aodel exists. Now there im no doubt that ● “dynamo” ii!!

necemeary, ●nd that there Ie an abundance of mdels to choose from. In this

section we attempt to develop a relationship between the three models

diecuaaed previously.

If the 14HIl dynFm of Sec. 2.1 were acting alone to sustain an kFP in a

steady “ohmic” state, one csn etrtablish minimum values for the field and

current fluctuations using a quasi-linear model. The poaibility of such ~n

exercise was observed by Gerwin, Keinigs, and Schaffer. /30/

As an example, coneider a elab model configured 86

mean fielle iu a Teylor state having reversal at the

in an ohdc state, ~17,18,19/ all physical variables

functiono of apace. Therefore, the mean values,

spatial average8 with x fixed, and the 6 variations

In Sec. 2.3 with the

wall, pa - it/2. To be

are time Independent

‘[ >, are taken to be

are three-dimensional

functions that are time independent. It is assumed that there are no net

radial flows snd <Ex> la neglected, leading to Q> = O. An isotropic Ohm-s

law ia uBed, and no kinetic effecte are invoked. Under these conditions,

Eq. (3) is rewirtten,

Equation (13) can be separated into mean and fluctuating parts

q<~> - <~> = <6? x 6B>

(13;

(14)

and

The fundamental premise of tne ❑odel is that the quadratic term <~ x 6!>

will make up the difference between fi.J> and <~> everywhere in the plasma.

The time independent nature of the model requires -aB/at = - vx~ = o,



therefore, the curl of Eq. (15) must be zero. This curl condition

establishes ● relationship between ~ ●nd ~.

We aeeume that ~ can be ●xpanded in a Fourier eeriee

&(r) - ~h(k)eik”~ ..- -.

Likewise

q>

where P

Eq. (15)

~

~> can be Written aB follows

= & and B+ = 1/2 BO(;Ti~). It

that for every Fourier component

components of 6!,

~B+(k) = (@r@ {(k+sB+)6y(E)--- ---

- [(!@Y(k)]B+] ,-_

where k+ - k t ~.---

(16)

(17)

can be ehown from the curl of

~(~)~’there are two Fourier

(18)

We consider the simple example ~(~) = uo(~i~) with ~ w k;, to solve the

y component of Eq. (14),

r<J>y = (~@O/~) sin M

- (6E x 6!>Y -; Re <&(k,x] x [fig~(lt+,x) + 6~~(~-,xl]>y . (19).-

The corresponding volume averaged minimum of field fluctuation 6quared

is

@
< la~(m~ -a

<6B2>dx/ja <B>zdx .
-a

(20)

When a simil~r estimate of power dia~ipation in fluctuation is made we get



(21)

There ● ie ~ny caveats that enter into Eqe. (20) ●nd (21); the most

important ●e the slab model in a Taylor state, iootropic reaiativity, and

incompressible flow. The momentum equation vas not required for the

exerciee. Me aeaumed a velocity flow that would produce the moat ●fficient

dynamo in the y direction. To the beat of our knowledge, ●dding momentum and

the z direction dynamo will increase the inequalities of Eqs. (20) and (21).

The lef~-hand sides of Eqe. (20) and (21) MY be reduced by having:

~J/ml >> 1, co~prcaaible flow, less dynamo action as iu the MBFM, and/or a

variabie resiativity q(x). We do not expect dramatic changes in Eqs. (20)

and (21), provided ql doee not 8restly exceed q~ as in the TDM.

If the ❑odels lesding to Eqs. (20) and (21) are reatianably correct, there

are significant implication for ohmic state~ and sustainment modeling as n

whole. It was noted in Ref. 10 that 16B1/~> at the plasma edge is $ 5% in

ZT-40M, and It was asslmed that the volume averbged fluctuations are

comparable.

by ❑ ean :ield

combined with

It was also estimated in Ref. 10 that fluctuation power divided

dissipation is about 40% in ZT-40M. Equations (20) and (21)

these dats would indicate

!<5X1O-3 .
lJ-

(22)

For a _ 0.2 ❑ as in ZT-40M, this would aay that an ohmic stcte must have a

wavelength greater than - 160 m, or 1~1/<B> ❑ust be significantly greater

than estimated in Ref. 10. A 160 ❑ ohmic state wavelength is much greater

than the -chine dimeneiona and quite unrealistic. However, computer mode 1s

have generated epecific ohmic statea with wavelengths on the order of -1 ❑

and 16~1/<B> - 10% /18,19/. There is also experimental evidence of some

Internal structure that WIY relate to ohmic atatea /31/.

The concern over the Inconmiatency between an ohmic state umdcl and

●xperimental re~ults worsens when fluctuations are obuerved to decrease at

higher currents, @l/<B>lr-a -12 /32/. If it becomes more d~fficult to

reconeile experimental reaulte with ohmic statca, one muot invoke a more



8eneral theoretical wdel. For instance the steady state ●atumption of

ohmic model can be dropped. If ● ti= dependent MED model ham &ood

surfaces, this ●uthor believes 13qs. (20) and (21) will still hold, but

point of view remains to be proven.

If, on the oth~r hand, the magnetic field becomes ●tochsstlc and

the

flux

that ,

time *t

dependent, we cannot be ●ure of Eqa. (20) ●nd (21). Indeed, if ●tochaetic

fields become a part of the dynamo model one should go on to coneider

nonloccil reaimtivitiee an diacuaaed In Sec. 2.3. L

4. Conclusions

We have briefly described RFP proiile sustainment by means of the XHD

dynamo, the tangled diecharge model, ●td nonlocal reactivity. Treating time

independent ohmic otatea as a subset of the MHD dynamo, we have placed lower

bounds on the field fluctuations (departures from eymtry) conaiatent with

states of a given wavelength, k. On comparing our theory to ●xperimental

results, we find it difficult but not Impoeaible to recuncile ohmic states

with experiment. We recommend that more detailed fteld fluctuation data

ineide the plasma be sought. The aeaociated large wavelength field

fluctuations should be observable. If the conditions of ohmic etatee cannot

be met, the field will probably be atochaetic. In that event, MHD activity

WO’‘i eatabligh atochaeticity that would play a aiigniflcant role in profile

sustainment through nonlocal xeeiativity. In turn, field line atochaeticity

would aubatantially affect part!cle and thermal tranaport within the plaama.

Since dynamo action is reduced neur the wall in oome models, MBm,

Btochaeticity may aleo be low near the wall. Consequently, patticle and

thermal loeae8 from the machine may be a boundary layer phenomenon clo8ely

coupled to the proceae of RFP profiie sustainment.
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Figure Captious

Fig. 1 Au isometric view of the lFP field ●nd current profiles during the

●uo:sfad phase of the diachar8a. ~. represents the steady state

Poynting vecter carrying power to the central region of the plasma.

Mean field power absorption - -~>o<E> 1s maximized in the central

discharge region k.cause <~> ia parallel to the applied toroidal

electric field ~>. Hypothetically, the mean power ●bsorption is

partially converted to fluctuating fields (Ed) that drive the

poloidal plaama currents via the dynamo effect.

Fig. 2 An ●xperimental F - ~ curve for a 180 u di~charge in ZT-40M compared

to the SFM prediction (solid curve).

Fig. 3 The Modified Bessel Function Model (MBFM) uagnetic field profiles for

a given p(r).

Fig. 4 An experimental F - (3 curve for a 180 M discharge in ZT-40N compared

to the MBFM prediction (solid curve).

Fig. 5 Magnetic-field component and parallel current deneity,vereua x, with

~Dr/a2= 0.05. Each curve 10 normalized to 1 at x - 0.

Fig. 6 Bz(a)/<Bz> versus By(a)/<Bz> for varioue ~DF/a2.
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